This paper examines the surface-related capacitance C/S of carbons with average micropore widths between 0.73 and 1.80 nm, using 1-2M H 2 SO 4 , 6M KOH and 1M (C 2 H 5 ) 4 NBF 4 in acetonitrile as electrolytes. Following corrections for pseudocapacitance effects for the aqueous electrolytes and the use of an average surface area suggested by independent techniques, different from the BET area, it appears that C/S is practically independent of the micropore width.
Introduction
The distribution of K + ions and water in electrified slit-shaped carbon micropores of accessible width 2b between 0.936 to 1.47 nm has recently been investigated by Feng et al. [1] , using molecular dynamics simulations. This interesting paper, leads to the so-called 'sandwich capacitance model', which can probably be extended to other aqueous electrolytes. The surface-related capacitance (F m -2 ) of this type of carbon-based supercapacitor is given by
C is the gravimetric capacitance (F g -1 ), 2A is the total surface area S of the carbon (m 2 g -1 ) and a o is the radius of the ion (K + for the negative electrode).
This expression is complementary to the equations proposed earlier by
Huang et al. [2, 3] for cylindrical mesopores and micropores. In the case of mesopores of radius b, the ions can form a double layer of thickness d on the walls and
On the other hand, in cylindrical micropores the reduced width no longer allows the formation of a double layer and it is assumed that the ion of radius a o occupies a central position, along the axis of the pore. This leads to C/A = ε r ε o /bln(b/a o )
Equations (2) and (3) have been used to analyze the experimental data obtained for aqueous and organic electrolytes [2, 3] , whereas the more recent Eqn. (1) has only been used, so far, to examine the case of the 6M KOH electrolyte with a series of five carbons (Table 1 ) [1] . It should also be pointed out that the data for the surface-related capacitance C/S was based essentially on the BET surface area, which is known to be unreliable in the case of nanoporous carbons [4] [5] [6] .
Moreover, for classical aqueous electrolytes such as H 2 SO 4 and KOH, the experimental values of C (F g -1 ) also contain contributions from pseudocapacitance effects which can be relatively important. They have been examined by different authors [7] [8] [9] [10] [11] [12] [13] [14] and depend on the heteroatoms, such as nitrogen and oxygen, present in surface complexes or in the solid. Therefore, appropriate corrections must be applied, since the above models do not consider these effects. On the other hand, their influence is very small in the case of the organic electrolyte (C 2 H 5 ) 4 NBF 4 in acetonitrile (TEABF 4 /AN) [10, 11, 13] .
The determination of the surface area accessible to the ions of the electrolyte is an important factor in the assessment of C/S and it is surprising that a majority of authors use the BET-based area S BET , in spite of its shortcomings. It has been shown recently [6] that a set of coherent surface areas can be obtained for nanoporous carbons by using independent techniques such as Kaneko's comparison plot based on nitrogen adsorbed at 77 K [15] , the adsorption of phenol from aqueous solutions [16] , the Dubinin equation [17, 18] and the NLDFT method [19] . The first two techniques are model-independent, whereas the latter assume locally slit-shaped micropores. These areas are usually in good agreement for pores below 1.5-1.8 nm, which suggests that the micropores are predominantly slit-shaped. This is also indicated by the good agreement between the pore size distributions obtained by modeling and by the adsorption of vapours and liquids with molecular dimensions between 0.4 and 1.5 nm [18] . On the other hand, the model of cyclindrical micropores assumed by Huang et al. [2, 3] is less likely. It also leads to much higher surface areas and to contradictions with the adsorption of molecular probes. This implies that the use of Eqn. (3) in the case of microporous carbons may be problematic, as opposed to mesoporous carbons.
One may consider that the average of the different areas obtained by the techniques mentioned above, S av , is a reliable assessment of the surface area probed by small molecules in typical microporous carbons. (However, it should be pointed out that in a few cases S NLDFT , the area based on NLDFT, shows unexplained deviations from the other three areas). As shown in [6] and illustrated by a few examples in Table 1 , the different techniques agree usually within a few percent, but they often diverge from S BET . However, it should be pointed out that in a few cases S NLDFT , the area based on NLDFT, also shows unexplained deviations from the other determinations. This justifies the combination of different techniques, in order to get a good estimate of the surface area, rather than to rely on a single determination.
The study of 42 carbons with average pore sizes between 0.6 and 1.7 nm [6] suggested that
where L o is the average micropore width (Note that all pore widths used in the present study refer to the accessible width, as confirmed independently by pore size distributions based on the adsorption of probes with different molecular dimensions and electron microscopy [18] ).
Below 0.9 nm S BET underrates the more likely area S av and above 0.9 nm it gradually overrates it. On average, the ratio S BET /S av nearly doubles between 0.9 and 1.6 nm and this difference has a strong influence on surface-related properties of microporous carbons. On the other hand, S av and S BET become similar in mesopores above 4 to 5 nm.
A closer analysis also shows that for a large number of carbons with an external surface area S e and a micropore volume W o (or V mi ), the ratio (S BET -S e )/W o is around 2500 m 2 cm -3 [6] (Typical values are shown in Table 1 It will be shown that the corrected values of C/S are practically independent of the pore size, which suggests that the dielectric constant may decrease as the pore size decreases.
Experimental
The study is based on 18 well characterized carbons (Table 2) for which
[CO], the amount of CO released in TPD (thermally programmed desorption), has been determined [8] . Furthermore, 5 porous carbons N0-N4 used previously by us [11] were also included, since their data for the 6M KOH electrolyte was used by Feng et al. to validate Eqn. (1) [1] . Sample N0 corresponds to the commercial activated carbon, Norit ® SX2 POCH-Poland. Carbons N1 to N4 resulted from the treatment of N0 by KOH to weight losses around 30 and 50% [11] . For this series of carbons no TPD data was available, but the content of nitrogen and oxygen atoms relative to carbon, (N+O)/C (%) is known [11] . As shown by different authors [9, 11, 12] , this parameter can also be used to estimate pseudocapacitance effects. (Tables 1 and 2) were determined for each carbon individually from the nitrogen comparison plot, Dubinin's theory and the adsorption of phenol from aqueous solutions monitored by immersion calorimetry [6] . As illustrated by the examples of Obviously, it is an average since the capacitances of the positive and negative electrodes can be different [14] . Tables 1 and 2 give the main structural and electrochemical properties of the different carbons.
Results and discussion

Specific capacitance C/S of carbons in 2M H 2 SO 4 and 1M TEABF 4 /AN
Different authors [7, 8, 10, 11, 13] have suggested that pseudocapacitance effects are related to surface groups which lead to the desorption of CO in TPD (7) with a correlation coefficient of only 0.600.
An earlier study of Bleda-Martínez et al. [7] Table 2 The fundamental difference between C/S av and C/S BET reflects the fact that S BET overrates the surface area above 0.9 nm and underestimates it below this value, as suggested by Eqn. (4) . This trend also corresponds to the behavior reported for carbide-based carbons (CDCs), suggesting an anomalous increase in C/S BET below 1 to 1.2 nm [21, 22] .
At this stage it is interesting to mention the recent work of Zhene Feng et al.
[23] based on eight carbons with micropores and different types of mesopores.
These authors showed that a refined analysis of C(TEABF 4 /polycarbonate)/S based on S NLDFT (an area usually close to S av [6] ), leads to specific capacitances of respectively 0.087, 0.099, and 0.097 F m -2 in pores below 1 nm, between 1 and 2 nm, and above 2 nm. This would confirm that the surface-related capacitance does not depend on the pore size, as suggested by earlier observations [10, 24] .
Specific capacitances C/S of samples N0-N4 in 1M H 2 SO 4 , 6M KOH and 1M TEABF 4 /AN
For samples N0-N4 of Table 1 no information regarding TPD is available, but following earlier studies [9, 11, 12] , the effect of pseudocapacitance effects can also be assessed by considering the ratio of nitrogen and oxygen relative to carbon, (N+O)/C. Although the pseudocapacitance mechanisms are different, the ratios of the capacitances C(6M KOH) and C(1M H 2 SO 4 ) measured at 50 mA g -1 ,
are close to (0.97 ± 0.03) and the combination with data for 9 other carbons [8, 25, 26] with similar ratios suggests the overall correlation Table 2 ).
As shown in Table 1 Using the correction factor of 3.6 F per %(N+O)/C and m -2 suggested by Eqn. (9) In the case of the 1M TEABF 4 /AN electrolyte, the values of C/S av are similar to those obtained for the samples of Table 2 .
The absence of a trend in the surface-related capacitance based on S av and following possible corrections for pseudocapacitance effects has consequences which are examined in the following section.
Comparison with models and possible consequences
Since micropores are locally slit-shaped, the data for 6M KOH electrolyte can be used first as a test case for Eqn. (1) . The model of Feng et al. [1] suggests that C(6M KOH)/S should increase as the pore width decreases from Table 1 As seen in Tables 1 and 2 These examples show the consequence resulting from the use of S av instead of S BET , when gravimetric capacitances are converted to surface-related capacitances and corrected for pseudocapacitance effects where needed.
The hypothesis of a variable dielectric constant suggested by the present approach seems quite plausible in view of the change in ε r reported for the adsorption of water in microporous clays [27, 28] and in particular in expanding montmorillonites [29] . Their structure consists of negatively charged layers with Na + or Ca +2 cations between them, which are solvated by water. This situation is similar to the negative electrode of the 'sandwich capacitance model' (solvated K + ion), except that the montmorillonite layers are non-conducting.
In the case of Na-and Ca-bentonites (impure montmorillonites), in-situ Xray measurements of the d 001 spacing [30] showed that the water uptake begins with successive openings of the interlayer space to 0.27 nm and 0.56 nm corresponding to the complete two-and three dimensional solvations. This is followed by a gradual widening of the slits up to 1.04 nm, where the water uptake is 40% w/w and beyond. Moreover, at all stages the pores are completely filled with water.
As illustrated by 
Conclusions
The present study illustrates the importance of the assessment of the surface area of microporous carbons, as well as taking into account corrections for pseudocapacitance effects which are present in the case of aqueous electrolytes such as H 2 SO 4 and KOH.
The choice of the surface area used to convert the reliable gravimetric capacitance C (F g -1 ) into a surface-related quantity C/S (F m -2 ) appears to be of fundamental importance. It is therefore surprising that the coexistence of S BET and other surface area determinations, summed up by S av , has not received more attention in view of its consequences. This justifies the closer examination presented here.
The BET technique is known to be unreliable in the case of nanoporous carbons, as confirmed by an IUPAC recommendation [4] and detailed studies [5, 6] corresponds to a realistic model for slit-shaped micropores, one reaches the conclusion that the dielectric constant ε r may decrease with the pore width. This behaviour is also suggested by analogy with the variation of ε r observed in bentonites, where the water uptake leads to a gradual widening of the interlayer spacing. This system is similar to the negative electrode of the KOH electrode described by Eqn. (1). 
